ABSTRACT -The growing global demand for meat and particularly in countries such as Brazil is expected to increase intensive animal production. Consequently the main pollutants of interest are nitrogen (N), phosphorus (P) and greenhouse gases (GHG). Nitrogen can be a problem through nitrate leaching to water bodies, ammonia, and nitrous oxide emissions to air. Phosphorus loading in soil from manure application can be the main issue due to the tendency of P to accumulate in soil and leach to groundwater and rivers. The sources of agricultural GHG emissions include methane from enteric fermentation, manure storage and spreading, and nitrous oxide mainly from application of manure on land. Dietary manipulation has proven to be an effective tool to reduce nutrient/mineral pollution and GHG emissions. Several studies have shown that decreasing crude protein in the diet could reduce N excretion and ammonia volatilization substantially without compromising productivity.
Introduction
Global demand for meat, particularly in countries with emerging economies such as Brazil, is expected to double by the year 2020 (Mooney et al., 2006) , therefore, there is substantial pressure on producers to supply the market. At the same time, there has been a concerted effort to reduce nutrient pollution and greenhouse gas emissions, which has resulted in various international agreements such as the Kyoto protocol and the Copenhagen agreement. Agriculture contributes to nutrient and air pollution in several ways. The main pollutants of interest in relation to ruminant production systems are nitrogen (N) from nitrate leaching and ammonia emissions/deposition, minerals particularly phosphorus (P), greenhouse gases (GHG; carbon dioxide, CO 2 ; methane, CH 4 and nitrous oxide, N 2 O), particulate matter and volatile organic compounds. The scope of this paper will be limited to nutrient/mineral runoff and greenhouse gas emissions. Up to 75% of costs in livestock operations, especially dairy farming, are incurred in feeding animals, therefore, any reduction in feed prices as a result of either reduced N and P concentrations or changes of diet will help farmers increase income. This paper will discuss the impact of dietary manipulation in reducing environmental losses, including recent studies focused on reducing GHG emissions not only from enteric fermentation but also manure and manure-applied soil.
Nutrient and mineral pollution

Nitrogen
Reduced overfeeding
The main source of nutrient pollution from cattle is excess N excretion. Based on 470 individual cow observations from several calorimetry experiments in the UK. Kebreab et al. (unpublished) found a linear relationship between N intake and N in feces, urine and milk (Figure 1 ). This is in broad agreement with Castillo et al. (2000) and Kebreab et al. (2001) . However, for urine N excretion, the authors reported an exponential relationship, perhaps due to inclusion of data where urine N was calculated by difference and not directly measured.
According to the analysis 28% of the N consumed was excreted in feces, largely due to the undigestible dietary protein fraction, which might not offer opportunities for diet manipulation. About 38% of N was excreted in urine, which represents N that has been absorbed by the animal Figure 1 -Relationship between nitrogen intake and nitrogen excretion in feces, urine and milk. Excreta N is a combination of fecal and urinary N. The responses had been adjusted for study effect.
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but not utilized for growth or milk production. The residual standard deviations for feces, urine and milk N outputs were estimated to be 14.6, 32.5 and 17.5 g/d, respectively. The higher residual standard deviation for urine N compared to fecal or milk output presents an opportunity to manipulate the diet to reduce urine N excretion. Weiss et al. (2009) also found that increasing protein in the diet linearly increased N excretion in feces and urine and the variation in excretion of urine N was 3.5 times greater than the variation in feces N excretion. The reduction in urine N is an important way to reduce N environmental pollution, due to the reduction in ammonia emissions from cattle manure. Urea from urine will be converted to ammonia due to the high urease activity of feces (Muck, 1982) . Castillo et al. (2001b) reported that it is possible to improve N utilization in dairy cows by decreasing protein intake from balanced diets. A reduction of protein concentration from 19 to 15% for example can reduce N excreted in urine substantially without compromising lactational performance. Furthermore, the authors calculated that when total ration protein levels were reduced, total excreted N levels fell from 15.2 to 12.3 g/kg milk produced and, if such results could be imposed in normal livestock systems, they would represent a net reduction in N excretion from 106 to 86 tonnes/yr for 1000 dairy cows producing average milk yields of 7,000 kg/yr. Castillo et al. (2001a) investigated the effect of energy supplementation on efficiency of N utilization in an experiment using isoenergetic diets containing different quantities of soluble carbohydrates, fibre, and starch. Overall efficiency rarely exceeded 0.30 g milk/g of dietary N intake. Total fecal N excretion and proportion of apparent fecal N were unaffected by type of energy source supplemented. Similar results were presented by Weiss et al. (2009) , where Holstein cows were fed diets with different carbohydrates sources and distinct metabolizable protein contents. Treatments with more alfalfa gave an increased fecal N excretion and decreased urinary N excretion. This supports the argument that N excreted in feces as a proportion of N intake is relatively constant because it consists of mainly undigested material and metabolic fecal N. The most pronounced effect in the experiment of Castillo et al. (2001a) was the increase in urinary N excretion of cows fed a diet with high degradable starch. It is possible that, due to increase in the rate of starch degradation in the rumen, some of the N was absorbed as ammonia and excreted in urine or more amino acids were absorbed but deaminated and excreted in urine. Cows fed a diet supplemented with low degradable starch had lower urinary N excretion. This could have been due to a more efficient utilization of ruminal ammonia-N which otherwise would have been absorbed from the rumen, converted to urea in the liver and then most likely excreted in urine (Kebreab et al., 2001) .
Type of energy and protein sources
In addition to reducing crude protein (CP) concentration, it has been recognized that type of protein supplement has an effect on the efficiency of N utilization. Castillo et al. (2001b) examined the effects of supplementing diets with various levels of protein degradability and concentration on efficiency of N utilization in dairy cattle. The authors offered six diets comprising three levels of protein degradability in the concentrate and two levels of CP (21 and 29%). Protein degradability did not have an effect on fecal N outputs. This confirms the results of an earlier experiment with various sources of energy as supplements. After analyzing the composition of fecal N output in lactating dairy cows, Tamminga (1992) concluded that a reduction in fecal excretion of indigestible feed protein was not the most promising way to achieve substantial reductions in N loss by the animal. Little improvement in digestibility is possible because true digestibility of feed protein in dairy cow rations is generally high. Castillo et al. (2001b) observed a significant increase of urinary N with the higher degradable protein-supplemented diet, but the rates at which urinary N increased with increasing CP degradability were much greater on the high-CP compared with the low CP diet. The authors argued that this was probably due to decreased efficiency of N capture by microbes in the rumen as the relative rate of degradation of the potentially degradable fraction of CP in the diet is increased, leading to an increase in urinary N output.
Ammonia emissions from cattle manure
Nitrogen excretion in the ruminant animal is basically composed of undegradable protein, endogenous material, microbial protein that escapes digestion, urine urea, and other N components in urine. Urea is produced mainly in the liver to eliminate excess ammonia present in blood. Ammonia in blood is a result of deamination of amino acids in animal tissues. In ruminants, ammonia in circulation can also come from microbial degradation of N compounds (DePeters & Ferguson, 1992) . Urea in contact with urease, an enzyme produced by microorganisms found in both feces and in soil (Muck, 1982) , is converted to ammonia and then volatilized. The process of ammonia volatilization occurs by mass transfer from the top layer of the manure slurry to the air surrounding the manure surface. The mass transfer is dependent of temperature and air velocity at the manure top layer (Zhang et al., 2005) .
Dietary protein excess can increase N excretion in manure, especially in urine, increasing ammonia volatilization. A number of studies have shown that the amount of ammonia produced from cattle manure is correlated with N intake (Burgos et al., 2010 , James et al., 1999 . The hydrolysis of urea to ammonia under manure pH is an irreversible reaction (Muck, 1982) and urease activity is high in most milk and meat production systems where a high density of animal per unit of space is used, i.e. in dairies (Monteny & Erisman, 1998) . Therefore the amount of ammonia emitted should be determined by its production rate (Muck, 1982) .
In the study by Burgos et al. (2010) ammonia emissions were measured for cows consuming diets ranging from 15% to 21% CP. The results showed that the amount of urea in manure increased linearly with dietary CP and was almost 3 times higher in manure from cows consuming a 21% CP diet when compared to the 15% CP cows. No significant differences were found in the total amoniacal N in manure of different treatments at zero time but there were differences after 24 hours. Ammonia emissions, as expected (James et al., 1999; van der Stelt et al., 2008) , were proportional to the amount of urea excreted in manure, and ranged from 57 to 149 g of N/d per cow, giving a linear relationship with CP content of the diet (Burgos et al., 2010) .
Ammonia emissions from manure applied to soil as fertilizer are also linked to atmospheric pollution, and can reduce the nutrient value of manure (Muck, 1982) . Misselbrook et al. (2005) evaluated ammonia emissions from manure of cows receiving diets with 14% and 19% CP. Emissions of fresh manure applied to soil were significantly greater for cows on the 19% CP diet, both in grams and expressed as a percentage of the initial total amoniacal N in manure. However, ammonia emissions were similar for both diets when expressed as a proportion of total manure N.
Phosphorus
There are two ways in which dietary manipulation can reduce P excretion in ruminants. In all species of livestock, P fed in excess of animal requirements is excreted, making reducing overfeeding a powerful tool to increase efficiency of utilization. The second method is increasing the energy density of diet which will be discussed later.
In dairy cows, several studies indicate a direct link between P intake and P excretion (e.g. Morse et al., 1992; Wu et al., 2000 Wu et al., , 2001 Knowlton et al., 2001; Knowlton and Herbein, 2002) . A Florida study was among the first to show this link (Morse et al., 1992) . Twelve cows were fed diets containing one of three concentrations of P (0.30%, 0.41%, or 0.56% of dietary DM). Excretion increased linearly with increasing P intake, and accounted for nearly all of the difference in P intake with the high P diet compared with the low P diet.
Overfeeding of dietary P is common in the field. In the past, P was often fed to dairy cattle 20 to 40% in excess of published requirements (Shaver & Howard, 1995; Sink et al., 2000) . A survey conducted by Wu (2003) in Pennsylvania indicated that the extent of overfeeding is less now than was suggested in these earlier surveys. In growing beef cattle, Erickson et al. (1999) reported an industry average dietary P content of 0.35 to 0.39% of DM, compared with published requirements for growing steers of about 0.20% P. Kebreab et al. (2008) conducted a survey in Ontario, Canada and found that dairy farmers were, on average, using 0.41% P in the diet. The authors evaluated a dynamic model based on experiments conducted in Ontario (Odongo et al., 2007a) and reported that reduction of P to NRC (2001) recommended concentrations would save farmers $20/cow annually. Moreover, excretion of P would be reduced by 1.3 kt/year from Ontario dairy farms according to model calculations (Kebreab et al., 2008) . Estimates of savings in feed cost assume that the excess dietary P is from purchased mineral sources; if excess P is from inexpensive by-product feeds, reducing dietary P may increase feed costs. Kebreab et al. (2005) showed that although fecal P and dietary P were linearly related, the type and density of energy in the feed have a significant effect on P excretion (Figure 2) . In comparing two experiments with high and low energy intake, Kebreab et al. (2005) found that P efficiency improved significantly in cows fed the higher energy diet (consuming an extra 30 MJ/d or more). They surmised that the increased efficiency could be due to higher P uptake by microbes in the rumen and higher conversion of dietary P to milk and body tissues.
Greenhouse gas emissions
Methane Enteric fermentation
Feed digested by cattle delivers energy and nutrients to the animal for maintenance and productive purposes. The process of digesting feed in the rumen involves conversion of organic matter to volatile fatty acids and hydrogen gas. Most of the hydrogen is utilized by methanogens and converted in to methane and water. The amount of methane produced depends largely on the amount of food consumed (Reynolds et al., 2009 ; Fig 3) , and the characteristics and composition of the feed. The chemical composition of the fermented fractions of feed determines the amount and type of volatile fatty acids and the quantity of hydrogen gas produced (Kebreab et al., 2009) .
Measurement of methane production in animals requires complex and often expensive equipment; therefore, prediction equations are widely used to estimate methane emission. Some models have been developed specifically to predict emissions from animals (Mills et al., 2003; Ellis et al., 2007) and others have been either modified or adapted to estimate methane emission from rumen fermentation (e.g. Dijkstra et al., 1992) . Empirical and mechanistic models of enteric fermentation show that feed intake is the main determinant of methane emission (Figure 3) , and can account up to 74% of methane emission (Ellis et al., 2007) .
A quarter of the variances can be attributed to differences in diet composition and error terms. Forage proportion, lignin, neutral detergent fibre and acid detergent fibre contents of diet where found to be positively correlated with methane production (Ellis et al., 2007) , which were in agreement with Mills et al. (2001) who reported that replacing fiber sources with starch reduced the amount of methane emissions. The authors attributed the differences to higher propionate and lower acetate production associated with starch fermentation compared to fiber digestion. Addition of fats to the diet (less than 5%) was also found to decrease the amount of methane produced due to a shift away from fiber digesting bacteria and hence less methane. To a lesser extent lipids also act as alternative hydrogen sinks and compete with methanogens for hydrogen in the rumen (Kebreab et al., 2006) . Similarly, ionophores such as monensin also reduce methane emissions, although the effect is normally short lived (about 4 -6 weeks) before the microbial community adapts to the treatment (Odongo et al., 2007b) . Kebreab et al. (unpublished) fed animals three diets which had different fiber contents (low, medium, and high fiber content). They collected the manure from the animals and incubated them in three replicate fermenters and measured methane production daily. The cumulative methane emissions from the fermenters fed with three different manures are given in Figure 4 . The researchers achieved different manure compositions from the treatments. The effect of diet on methane emissions was not apparent in the first 45 days. However, after 45 days the fermenters fed manure from animals that had consumed a high fiber content diet started to produce more methane. There was no difference in cumulative methane emissions in fermenters fed with either medium or low fiber content manure (Figure 4) . The experiment showed that higher organic matter in manure especially in the form of fiber contributes to higher methane emissions from stored manure. In another experiment, Kebreab et al. (unpublished) applied manure collected from cattle fed low quality forage on its own or supplemented with dried distillers' grain and solubles to soil in Manitoba, Canada. To help comparison of emissions using the same scale, the authors calculated carbon dioxide equivalent (CO 2 eq) emissions by multiplying the amount of CH 4 and N 2 O produced by their global warming potentials of 21 and 310 respectively. Based on CO 2 e, the authors showed that quality of feed given to cattle had an effect on manure composition and GHG emissions after the manure has been applied to soil (Table 1) .
Manure management and land application
Conclusions
Dietary manipulation has been shown to have an impact in mitigating nutrient pollution and greenhouse gas emissions from livestock operations. Reduction in N excretion can be achieved not only by reducing N content in the diet but also changing the type of protein in feed. Similarly, excess P excretion can be avoided by matching the animal's requirement with supply in diet; and improving energy content of diet so that P can be utilized more efficiently. Replacing fibrous diets by starchy feedstuff has been shown to reduce methane from enteric fermentation and manure storage. Further research need to be conducted to quantify the impact of dietary manipulation holistically on the farm, i.e. animal, manure and soil. 
